Objectives: To report quantitatively on the three-dimensional layered organization of the collagen and smooth muscle component of Ž . Ž . the two most successful vessels for coronary bypass-the internal mammary artery IMA and the long saphenous vein SV . Our aim Ž was to provide an explanation for the differential structural stiffness of these two vessels both functioning at arterial pressures in their . new environment , and how they might be susceptible to endothelial thickening. Methods: Eleven human saphenous veins and 23 internal mammary arteries were fixed at arterial distending pressure of 110 mmHg, and were sectioned in cross-section at 7 mm thickness. A subset of these was also sectioned tangentially. Measurements of the three-dimensional alignment of collagen and smooth muscle fibers within the vessel wall were made using polarized light microscopy and the universal stage attachment. Data were plotted and analysed using circular statistics. Results: The IMA, structured like an elastic artery, is dominated by a media with discrete lamellae of wavy Ž . collagen and smooth muscle, aligned nearly circumferentially, with a low variability of alignment mean circular SD 128 . The SV is more variable in its size and structure, characteristically with a narrow circumferential media comprised mostly of collagen which is Ž . straightened and highly aligned at arterial pressures mean circular SD 98 . Circumferential collagen in the vein was often adjacent to longitudinal bundles of smooth muscle and collagen. Conclusions: The strikingly aligned structure of the SV complements the known high mechanical stiffness of this vessel when at arterial distending pressure. The high fraction of longitudinal muscle, in addition to the circumferential muscle cells in the SV make it vulnerable to any pre-implant surgical preparation, and to the cyclical luminal pressures and longitudinal strains characteristic for epicardial arteries.
Introduction
The clinical need for coronary artery bypass vessels is being met, in large measure, by two very different graft Ž . vessels-the internal mammary artery IMA and the long Ž . saphenous vein SV . While both have reasonable longterm patency, the IMA has proven to be the better graft vessel, with an 85-95% patency record 7-10 years after w x surgery 1-4 . Differences in the success rates of the IMA and SV have been attributed to a number of causes, many of which are associated with the intrinsic differences between veins and arteries. Our premise, supported by the w x work of others 5-7 , was that the success of vessels used for coronary artery bypass is due, in a major way, to the ) Ž .
Ž . Corresponding author. Tel.: q1 519 661-3053; fax: q1 519 661-2123; e-mail: medbpa@uwoadmin.uwo.ca physical structure of the replacement vessel. The measurements that we especially wanted to emphasize were of the orientation, and the dispersion of orientation, of the collagen and smooth muscle fibers of the long saphenous vein when distended at arterial pressure.
The internal mammary artery and the long saphenous vein have strikingly different structural features characteristic of their specific classes of blood vessels and yet they have been called upon to function similarly in the treatment of ischemic heart disease. The IMA is a transition artery, having microscopical features both of the elastic type, as in the aorta and pulmonary artery, and of the w x muscular type such as the arteries of the heart or brain 8 . The SV is a long large-caliber peripheral vein, highly ( )variable in structure, featuring distinct longitudinal bundles of smooth muscle cells in the adventitia and the inner w x media 9 .
There is a well-established parallel between microscopic structure and mechanical behavior of vascular tisw x sues 10-12 . For the vessels commonly used for bypass, pre-implantation dimensions and proportions of the princiw x pal layers have been examined 8, 9 . However, little attention has been accorded the structural organization of the collagen and muscle fibers in the graft vessel. In addition, few of the studies have added the extra step in tissue preparation of fixing vessel segments at arterial pressure. To redress this, we pressure-fixed both the IMAs and the SVs at arterial distending pressures, which establishes the physical dimensions at which the transplanted vessels operate after bypass surgery. In the case of the SV this served to emphasize the striking structural accommodation of this vessel under its unaccustomed pressure loading.
The underlying hypothesis is that principal factors leading to occlusive disease of the saphenous vein are the high and pulsatile intraluminal pressures to which it is subjected as a result of transplantation. Under these pressures the structural components of the vessel wall become mechanically strained, promoting hyperplasia and longer-term occlusion. The reason for undertaking the research was to obtain definitive data about IMA and SV structure that shows clearly the directional organization of the principal fibers of collagen and smooth muscle, in order to provide explanations of the stiffness of the vessels and how they might be vulnerable to endothelial thickening.
Factors before, during and after the transplant procedure may contribute to the trauma of the vessel wall. Techniques used for vessel removal and preparation sometimes w x involve very high pressures [13] [14] [15] [16] . Damage to the endothelium or media can be sustained as a direct result of the stretched vessel wall, either from high pressures or as a w x result of pulsation 17 . Experiments have shown that cyclic stretching at physiologic frequencies promotes prow x liferation of smooth muscle cells 18 , as well as changes w x in orientation 19 . The potential for intimal proliferation has also been identified as a result of hemodynamic factors owing to vessel caliber or to geometry at the anastomosis w x 20,21 , the mismatch of diameter and mechanical properw x ties 22,23 , and the condition of the replacement vessel w x prior to transplant 9,24 .
The numerous factors contributing to the success of bypass vessels are associated with vessel organizational structure, information obtainable by polarized light microscopy. Measurements of three-dimensional organization of the fibers of collagen and smooth muscle, both of which are birefringent, can be made with the universal stage, an attachment to the polarizing microscope. The calibrated rotational movement, in three dimensions, of the inner stage of the universal stage permits the measurement of directional alignment of individual fibers, relative to the w x reference plane of the section 25 . Quantitative results help to explain the paradoxical finding that the saphenous vein at arterial pressure is mechanically less distensible than the internal mammary artery at the same transmural pressure.
Methods
Blood vessels were obtained from autopsy and from surgery. Eleven long saphenous veins were provided as Ž unneeded lengths of vessel from bypass grafts males, ages . 37-67 , and 23 segments of internal mammary artery were obtained from 20 autopsies, either right or left artery, and Ž in 3 cases both the right and left male and female, ages . 26-83 . Segments of each vessel were ligated and cannu-Ž lated, and fixed at a distending pressure of 14.5 kPa 110
. mmHg in 10% neutral-buffered formalin. The segments were embedded in paraffin wax, and sectioned at 7 mm thickness at right angles to the vessel axis. Tangential sections were cut at 4 or 5 mm thickness in the direction Ž . parallel to the vessel axis Fig. 1 . Slides were stained for w x birefringence enhancement with picrosirius red F3BA 26 , which causes collagen to appear bright orange-yellow when viewed with polarized light. In addition, some were stained with James' silver impregnation stain, revealing collagen under polarizing microscopy to have a blue-pink appearance, and smooth muscle a gold color. Other slides were stained for bright field microscopy, with either fuchsin or Verhoeff's stain to identify elastin, or with Gomori's onestep trichrome to assist in identifying areas of collagen and smooth muscle. These sections were used to define layer boundaries and areas of subendothelial thickening, and to reveal wall thickness and lumen diameters. For these measurements a projection microscope was used, and tracings made of the cross-sections of each vessel. Because positional data are not incorporated in the measurements of three-dimensional orientation, we took low-power light micrographs of sections chosen for detailed measurements.
The principal instrument for the microscopical measurements was the universal stage, an attachment to the rotating stage of our Zeiss polarizing microscope; it is a long-established optical instrument for crystallographic )w x studies in geology 27 . The universal stage has 4 calibrated axes that allow the specimen slide to be rotated in and out of the plane of the stage. The section is positioned at the center of rotation between two glass hemispheres, with the top and bottom of the slide coated with glycerol where they contact the upper and lower glass spherical segments. This minimizes both external and internal light reflection as the stage is tilted. Orientation measurements are obtained by rotation of the section in three dimensions in such a way that optical extinction is achieved when the birefringent fiber is aligned either parallel or perpendicular to the polarizing filter. The fundamental principle underlying the universal stage is that the birefringent fiber lies within a transparent section of known thickness. Thus the Ž . angle of tilt elevation of the fiber relative to the section plane can be measured as well as its azimuth angle within the plane. These two angles uniquely define, in three dimensions, the orientation of the birefringent fibers at that point relative to the microscope slide. Individual measurements may be made from zones of approximately 4 mm width; however, due to interference from zones of different orientations within the 7 mm thickness when the section is tilted, the practical lower limit of size of the zone of coherently organized tissue is 8-10 mm. In the circumstances that the fiber may have waviness along its axis, we have made measurements to focus on the general fiber orientation, and deliberately avoided the local alignment variations due to the waviness alone.
We restricted our readings to a narrow arc of the wall, using sets of orientation measurements within each tunic so that we could compare regional differences across the vessel wall. For all the cross-sectioned vessels, readings were taken across the complete tunica media, and from the subendothelium and tunica adventitia where they were sufficiently thick. To complement these results, we also took orientation measurements from 3 of the SVs and 3 of the IMAs using tangential sections from adjacent segments of the same vessels. These tangential sections have two advantages: first, all fibers that are either circumferential or longitudinal in orientation will lie close to the section plane, increasing the accuracy of measurements, and secondly, since the section through the wall is very oblique, Ž . the width of each layer on the slide is greater Fig. 2B . Thus layers become more clearly defined, particularly Ž . when thin 4 or 5 mm sections are used to minimize w x overlap of regions of different alignments 28 . For these tangential measurements we used sections that were cut just through to the lumen so that the complete thickness of the vessel wall was revealed, with two sets of readings available from each vessel, one from each side of the Ž . lumen center axis Fig. 2B .
Analysis of results
The analysis and graphical methods are well established w x 25,29 , and have been used by us in other related studies w x 28,30-32 . The 3 reference axes for a cylindrical vessel Ž . Ž . Ž. as shown in Fig. 2 are i the longitudinal axis L Ž . running parallel to the vessel axis, ii the circumferential Ž . Ž . Ž . axis C , and iii the radial axis R . For vessels cut in Ž . Ž . cross-section Fig. 2A the azimuth angle a is the angle between the projection of the fiber in the plane of the section and the tangent to the vessel wall at that point, and is equivalent to a spiral orientation of the fibers within the Ž . vessel wall, while the elevation angle b represents a Ž . helical orientation, with the highest b 908 for longitudinal fibers. When measurements are made from tangential Ž . sections, the azimuth angle a becomes a measure of the Ž . helical variation, and the elevation angle b indicates the Ž . radial component Fig. 2B . At each point of measurement, an additional reading for alignment reference was taken of the angle of the tangent to the vessel wall for the cross-sectioned vessels, or of the vessel axis for the tangential sections.
Three-dimensional data were plotted on a Lambert Ž . equal-area projection Fig. 3 . To illustrate this projection, each orientation may be pictured as a line passing through the center of a hemisphere and intersecting its surface at a unique point. The hemisphere is then mapped onto a two-dimensional plane as in a map of the world. Each three-dimensional measurement is thus represented by a single point on the graph, and regions of concentration of data show general alignments of the birefringent fabric. The projection may be rotated about any axis so that the region of interest is shown in the central area of the plot Ž . For most of the measurements the data from any one region have a central tendency of orientation, with a symmetrical scatter about that mean orientation. Three-dimensional dispersions of this kind are known as 'Fisher distributions'. Thus the statistical analysis for obtaining means and variations of alignment was done by the Fisher w x method for spherical data 29,33 . Parameters include the a value, which is a measure of confidence in the mean 95 orientation, similar to the standard error of the mean in ordinary statistics, and is the solid angle about the mean direction within which there is a 95% probability of finding the true mean. The CSD, or circular standard deviation, is the solid angle about the mean enclosing 63% of the data, and is a measure of the scatter of directions about the mean.
Results

Comparison of structural differences
Tracings made of the vessels using a projection microscope, in conjunction with examination of the sections using different stains, revealed obvious gross differences between saphenous veins and internal mammary arteries. There was a marked variability in the lumen diameter of the SVs ranging from 3.1 to 8.5 mm. Since the cross-sectional area is proportional to the square of the diameter, this results in a variation in the SV luminal areas of up to 7.5 to 1. The IMA diameters are much more consistent, from 1.9 to 2.6 mm, giving a maximum difference in cross-sectional area of less than 2 to 1. Similarly the relative widths of the walls of the 11 SVs varied widely, ranging from 180 to 650 mm, compared with 180 to 430 mm in the 23 arteries. Although the SV is often described as having little or no subendothelium, our examination revealed it to be present in 6 of the 11 vessels, being substantially thickened in regions of two of them. Eleven of the 23 IMAs had a measurable subendothelium, but only 3 had a thickness greater than the width of the media. The demarcation of the 3 main vessel wall tunics of the IMA was always distinct, but in the SV they were not easily identified. As well as the circumferential fibers of the SV media there was commonly an inner region, sometimes of greater width than the circumferential band, containing bundles of longitudinally oriented smooth muscle 
On the outer side of the media there were frequently more bundles of longitudinal smooth muscle, appearing in some cases to be a part of an outer media, but more often being located within the adventitia.
With two of the IMAs we were able to evaluate, independently, proximal and distal segments separated by approximately 6 cm. The proximal and distal lumen diameters were 2.6 and 2.1 mm in the first vessel, and 2.5 and 2.1 mm in the second. Widths of the tunica media were 250 and 90 mm in the first and 190 and 180 mm in the second.
Micrographs of internal mammary artery and saphenous vein are shown in Fig. 4 , illustrating both cross and tangentially cut sections. Fig. 4A,B shows cross-sections ( )of SV with bright-field microscopy and with circularly polarized light. Both inner and outer regions of longitudinal smooth muscle are visible. With the polarized light these appear dark owing to the relatively high elevation angle of the optical axis of the fibers. The micrograph of the cross-sectioned IMA of Fig. 4C shows the very distinct layering within the media, a feature also apparent under polarized light in Fig. 4D . Tangentially cut sections of Fig.  4E ,F show the thin, highly aligned collagen within the media of the SV as opposed to the discrete, variously oriented layers within the media of the IMA.
Measurements of alignment
Cross-sectioned Õessels
Detailed orientation measurements were made from 5 internal mammary arteries and 5 long saphenous veins, based on a series of readings from a band across the vessel wall. These measurements were from sections stained with picrosirius red for birefringent enhancement of the collagen. Depending on the morphology of each tissue section, the size and number of regions examined were varied from vessel to vessel in order to allow us to assess regional differences wherever possible. In all the vessels readings were made from the media and, where there was sufficient thickness, from the subendothelium and adventitia. The 5 IMAs examined had 7, 9, 10, 10 and 11 lamellae respectively within the media, each separated by a layer of elastin. In contrast, the media of the SV did not show distinct sublayering, and were subdivided into regions for measurements mainly on the basis of textural and compositional variations revealed under polarized light. Measurements of the adventitia were made from two arteries and 3 veins, and of the subendothelium from two arteries and 4 veins.
Results from the media of one IMA, and from one SV are given in Table 1 . The values for the spiral and helical angles for each sublayer are a measure of the mean Ž . alignment, and the circular standard deviation CSD reflects the scatter of data about that mean; the a indicates 95 the confidence in the mean. It can be seen from the low helical and spiral angles that the collagen fibers of the vein were highly aligned circumferentially, whereas the alignment of the IMA collagen within each lamella was varied Ž . from layer to layer, especially in the helical longitudinal direction. When the data from all the layers of each vessel Ž . were pooled combined media , the mean fiber orientations of both the IMA and the SV media were close to the circumferential direction, but the larger CSD for the artery reflected the variation of the average alignments of the individual layers. Table 2 presents the results of the pooled media readings of the circumferential groups of fibers from the 5 arteries and 5 veins, all stained with picrosirius red. The longitudinally oriented smooth muscle groups from the inner media were not included mathematically in these combined results since they are clearly distinct from the circumferential fibers. Ž . Lambert projections of IMA regions 3-6 a1-a4 are shown in Fig. 5 . AZ s azimuth angle; elev. s elevation angle; CSD s circular standard deviation; a s confidence parameter. All these angular data are in degrees. Readings from the subendothelium and tunica adventitia are presented in Table 3 . In some cases the tunica was divided into an inner and outer region, and in others, areas of collagen and bundles of smooth muscle were measured separately. It can be seen that in these tunicae the helical component is very much higher than it is in the media, and there is often a high circular standard deviation. Results from the subendothelium of the IMA are separated into Ž . inner adjacent to the lumen and outer regions and also include readings taken from both the picrosirius-red-and the silver-stained sections. Lambert projections illustrating orientation data from representative regions of media, subendothelium and adventitia are shown in Fig. 5 for cross-sectioned vessels, and Fig. 6 for the same vessels Ž . are such that circumferential fibers, for the plots of media and inner adventitia a7 , appear at the center of the graph. Projections a5, 6, and 8, which are comprised of mainly longitudinal fibers, have been rotated so that the longitudinal orientation is at the center. Note the coherence of alignment in the media of the saphenous vein, and the greater dispersion of the data in the media of the artery. The scatter of data within the individual lamellae of the IMA media can be compared with the projection of Fig. 3B in which the data from all the lamellae of an IMA have been pooled, revealing the greater dispersion of Ž . alignments. Examples of the statistics relating to some of these regions a1-8 are indicated in Table 1 and Table 3 . The media of the SV is comprised mostly of collagen, with a small fraction of scattered smooth muscle cells. In the media of the IMA, however, the smooth muscle predominates. Since the picrosirius red stain is specific to collagen, we made some additional sets of measurements of 3 of the cross-sectioned arteries using adjacent slides stained with silver impregnation stain, which enhances the birefringence of both collagen and smooth muscle. In this way we were able to compare readings of the collagen component with those of the total tissue content of the tunica media. In each vessel the mean value of the CSD, averaged across all the layers, was lower for the silverstained sections by 1 or 28 than for the picrosirius-stained collagen. For these 3 matched pairs of adjacent sections there was a strong correspondence between separate layers when comparing the mean values and dispersion of orientation.
Tangential sections
Measurements were made from 3 saphenous veins and from 3 mammary arteries, from regions of the vessels approximately 5-10 mm from the cross-sections of the same vessels. In this way, a general comparison of the results from the two methods is possible. The lamellar appearance of the media was very evident for the artery sections, but less so in the saphenous veins. From each vessel, two sets of readings were obtained, one from each side of the midline. For measurements that are at a distance from the center axis, especially where the wall is relatively thick compared to the diameter, there is an error Ž . introduced due to the vessel curvature Fig. 2B . Corrections were made for this effect based on the vessel diameter measured from the cross-sections, and on the radial distance of the measurement from the center axis as w x recorded on the micrograph 28 . The number of lamellae in the tunica media of the 3 IMA sections was 7, 7, and 9, although in some regions there were different numbers on each side of the center line. The mean CSD of individual lamellae in the IMAs was 9.38, compared to a mean CSD in the SV media of 6.28. Measurements were made from the adventitia of all 3 SVs and two of the IMAs, and from the subendothelium of two SVs and one IMA. The longitudinal alignment of these layers is clearly apparent in tangential sections, with mean helical angles for the subendothelium being 768 for the vein, and 718 for the artery Ž . 908 would be longitudinal . The average CSD for the sublayers of the subendothelium of the veins was 148, and for the one artery subendothelium the CSD was 458, ( )indicating widely dispersed tissue alignment. Values for the adventitia of the IMAs were close to longitudinal and gave a mean helical angle of 868, with a CSD of 288, and for the SVs the mean helical angle was 818, and the average CSD was 218.
Discussion
The epicardial physical environment is new for the two commonly used bypass vessels, but for the vein the difference from its normal environment is substantial. A saphenous vein segment chosen to function as a graft vessel is often exposed to considerable physical trauma during preparation for implantation, including transmural pressures of 300 mmHg or even higher being applied in order w x to reduce the risk of spasm 16,17,34 . These pressures would translate into exceptional stretching forces with high Ž strain perhaps exceeding 100% circumferentially, and 40% w x. longitudinally 7 . Post-implantation, the SV segment is exposed to a new physical environment that includes the much higher arterial transmural pressure, a cyclically changing pressure, and also longitudinal strains that affect both arterial and venous transplants, imposed by the reversible expansion of the heart with the cardiac cycle. These strains may be as high as 30%, as measured by w x phase-contrast magnetic resonance imaging 35 . Work from other laboratories on smooth muscle cells cultured on cyclically stretching membranes has demonstrated that pulsatile stretching at 60 cyclesrmin stimulates smooth musw x cle proliferation in the SV but not in the IMA 36 , results that are important because of the longitudinal and circumferential cyclic strains imposed on the transplanted vessels.
Our focus has been on the differences revealed when the respective wall structures of the SV and IMA are brought under arterial pressure load. The SV has both a larger diameter and a relatively thin wall, with considerable variability of structural components and dimensions. Although far from rupture, the vein bears a much higher Ž . internal circumferential wall stress s than does the C Ž . w x smaller IMA i.e., s s RD Prt 37 . When compared at C the same transmural pressure, D P, the average wall stress Ž . is proportional to Rrt vessel radiusrwall thickness which had values of 6.6 for the veins, and 3.7 for the IMA. Thus, in addition to the new pulsatile strains discussed above, the much higher transmural pressures for the transplanted vein adds to the physical circumstances that lead to proliferation.
The tunica media is the predominant layer morphologically in both the SV and the IMA. Results from the three-dimensional analysis indicate that it also makes the greatest contribution to the stiffness of the wall at higher pressures. The media of the IMA was comprised of distinct lamellae of elastin that were often straight, but sometimes wavy and fragmented. Within the lamellae, the collagen was wavy, and the smooth muscle was oriented at a somewhat oblique angle although co-aligned in each lamella. Both these alignments permit further extension of the artery wall. In the case of the SV, the media contained a layer, mostly of collagen with some smooth muscle. that was highly aligned in the circumferential direction. This had the appearance of being stretched taut. The alignment of smooth muscle is important because its passive extension, or over-extension, is implicated as the triggering w x event for hyperplasia 36,38-40 . In most of the SVs in our study there were also bundles of smooth muscle in the inner region of the media, that were straight and co-aligned close to the long axis of the vein. The micrograph of Fig.  4A shows a saphenous vein with a strong presence of longitudinal smooth muscle throughout the wall. It is this longitudinal tissue component that would react to strains from heart wall movement.
The subendothelium of the IMA was generally very thin. Where sets of measurements could be made, a narrow band adjacent to the lumen was found to be circumferential in orientation, but for the main part the subendothelium was helically aligned, and had a high degree of disorganization. The orientation of the subendothelium of the SV was generally longitudinal, also with a high CSD indicating a large scatter of alignments. Collagen, smooth muscle and elastin were present, sometimes with bundles of longitudinal smooth muscle adjacent to the media. In the case of collagen orientation, its variability from fiber to fiber, and variety of helical alignments in both the SV and IMA would allow more give, or elastic softness, for that region of the wall.
The collagen of the adventitia of the IMA was oriented Ž in the longitudinal or high helical direction near to longi-. tudinal with a wide scatter of alignment, and for a few arteries there was also a thin outer layer having a predominantly circumferential orientation. In the SV, the adventitia was generally comprised of longitudinally aligned wavy collagen, interspersed with longitudinal straight smooth muscle, often arranged in large bundles. The scatter of alignment and the waviness of the collagen of the adventitia provides it with the capability for further distension with pressure. In addition, there was occasionally an inner, more circumferential collagen band.
Experimental results from the work of others show that veins have high distensibility up to the pressure range of 30-50 mmHg, after which they become extremely stiff w x 7,41 , whereas the arteries are less distensible than the veins at low pressures but remain relatively distensible w x even up to 200 mmHg 7 . Our results on structural alignment, specifically the high coherence of alignment of the collagen in the SV compared to the IMA, both at arterial pressure, nicely complement these mechanical assessments of high venous stiffness.
It is a continuing theme that wall structure is important for the function of vessels used for bypass. The internal mammary artery is successful in an environment that is prone to intimal proliferation, and in which many other ( )replacement vessels fail. Native coronary arteries, which are muscular arteries, are themselves prone to endothelial w x hyperplasia 30,42,43 . The process of subintimal hyperplasia and atherosclerosis continues to plague the major arteries of the heart and brain as well as the aorta. Because of the particular success of the IMA as a bypass vessel its study may lead to insight into the larger problem of atherosclerosis in general. The new morphometric information from this study will serve as a basis for progress in understanding the long-term patency of these vessels. 
